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CHAPTER  I 
INTRODUCTICN 

For  many  years  investigators  have  been  prying  into  the  secrets  of 
the  j^otosynthetic  bacteria.  The  similarities  of  these  bacteria  to  meak- 
bers  of  both  the  plant  and  animal  kingdoms  make  them  an  idesil  subject  for 
research  into  fiindamental  mechanisms  of  growth  and  behavior. 

Rhodospirillum  rubrum,  which  was  investigated  in  this  study,  is  one 
of  these  photosynthetic  species.  It  is  a  spiral-shaped  non-sulphur  pur- 
ple bacterium  belonging  to  the  family  Athiorhodaceae  according  to  the 
classification  of  Molisch  {,72 •  Extensive  invest igatiais  have  beai  made 
by  van  Niel  C9J  and  others  en  the  isolation,  nutrition,  and  photosynthe- 
tic metabolism,  and  by  Manten  C6],  Clayton  and  Delbruck  [23,  and  Claytcaa 
fl3  on  phototactic  responses  to  Rh,  rub rum. 

One  of  the  intez*esting  facets  of  the  metabolism  of  Rh.  rubrum  is 

that  the  organism  is  capable  of  utilizing  many  different  simple  substrates, 

and  that  the  color,  appearance  and  size  of  the  organism  may  vary  when  grown 

in  different  media.  Van  Niel  {.9}  has  shown  that  the  organism  can  be  grown 

in  the  presence  of  most  of  the  lower  fatty  acids  and  several  amino  acids, 

but  that  carbohydrates  and  their  corresponding  polyalcohols  are  utilized 

poorly  or  not  at  all.  Further  investigations  have  shown  that  many  of  the 

metabolic  processes  involve  the  Krebs  tricarboxylic  acid  cycle.  This  was 

indicated  by  Eisenberg  C33  >^en  he  stated. 

The  presence  of  all  enzymes  required  for  the  oxidation  of  the 
Krebs  cycle  manbers,  and  the  ability  of  the  dried  cells  to  form 
citric  acid  from  acetic  and  pyruvic  acids,  indicate  that  the 
tri-carboxylic  acid  cycle  is  probably  the  pathway  for  the  termi- 
nal oxidation  of  these  acids. 


Investigations  using  radioactive  isotopes  of  carbon  have  indicated 
that,  at  least  in  some  cases  C5j>  oxidative  metabolic  processes  in  the 
dark  are  similar  to  those  carried  out  under  anaerobic  conditions  in  the 
light.  The  work  undertaken  in  this  study  was  done  to  extend  the  informa- 
tion available  on  the  basic  processes  involved  in  oxidative  metabolism, 
utilizing  two  substrates:  sodium  pyruvate  and  sodium  propionate. 

Sodium  pyruvate  has  been  used  before  as  a  substrate  In  several 
studies  on  photosynthetic  metabolism.  It  was  hoped  that  information  could 
be  obtained  en  the  inhibitory  action  of  methylene  blue  by  isolating  and 
identifying  the  by-products  formed  during  oxidative  metabolism  in  the  pre- 
sence of  this  drug.  However,  as  the  experiments  proceeded,  it  appeared 
that  there  were  no  organic  by-products  formed  under  these  conditions,  the 
only  apparent  effect  of  the  methylene  blue  being  a  reduction  in  the  rate  of 
metabolism^  The  bacteria  were  tested  for  the  presence  of  catalase,  to  check 
the  possibility  that  H2O2  formed  by  the  addition  of  methylene  blue  was  the 
cause  of  the  inhibition.  Although  catalase  was  found  to  be  present,  it  is 
possible  that  the  H2O2  is  formed  at  too  rapid  a  rate  to  be  decomposed  en^ 
zymatically. 

Although  sodium  propionate  is  a  favorable  substrate  for  photosynthe- 
tic metabolism,  the  route  by  which  it  enters  the  Krebs  cycle  has  not  pre- 
viously been  reported  for  Rh,  rubrum  and  little  is  known  about  its  oxida- 
tive metabolism.  An  outstanding  effect  of  using  sodium  propionate  as  a 
substrate  for  photosjmthesis  was  demonstrated  by  Clayton  Cli.  The  saturat- 
ing light  intensity  for  phototactic  responses  of  Rh.  rubrum  is  about  four 
times  as  great  in  the  presence  of  sodium  propionate  as  in  the  presence  of 
other  substrates.  Manten  t63  and  Clayton  [13  have  shown  that  the  jAioto- 
tactic  responses  of  Rh.  rubrum  depend  on  changes  in  the  rate  of 
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photo  synthetic  metabolism.  Therefore  it  was  believed  that  a  study  of  the 
metabolism  of  propionate  might  lead  to  a  better  understanding  of  the  rea- 
son for  high  saturating  li^t  intensity  with  propionate,  and  of  the  manner 
in  which  tactic  responses  are  mediated  chemically. 

An  investigation  of  oxidative  metabolism  utilizing  sodium  propionate 
showed  that  there  was  no  appreciable  utilization  aerobic  ally  and  in  the 
dark,  unless  CO2  was  introduced  in  some  manner,  although  the  amount  of  CO2 
necessary  was  extremely  small.  It  was  also  found  that,  after  an  initial 
addition  of  C0«,  the  metabolism  became  self-sustaining  at  a  high  rate  even 
under  C02-free  conditions.  This  indicates  that  the  probabl*  mode  of  me- 
tabolism of  sodium  propionate  is  by  the  carboxylatiai  of  propionic  acid 
to  succinic  acid,  entering  the  Krebs  cycle  as  such.  Once  the  reaction 
has  begun,  the  necessary  CO  is  provided  hy   successive  oxidations  occur- 
ring within  the  cycle. 

For  the  investigation  of  these  metabolic  processes,  apparatus  was 
developed  which  would  permit  continuous  contirol  of  the  gaseous  phase  of 
the  system  and  would  facilitate  withdrawal  of  samples  for  analysis.  The 
essential  feat\ire  was  a  light-tight  container  for  the  bacterial  suspen- 
sion, through  which  a  gas  of  controlled  composition  could  be  bubbled. 
The  metabolism  involved  the  liberation  of  alkali,  which  could  be  followed 
by  means  of  a  pH  meter.  In  addition,  the  apparatus  permitted  a  collection 
and  analysis  of  the  effluent  gases. 

In  many  respects  the  apparatus,  described  in  detail  in  Chapter  II, 
has  advantages  over  the  familiar  Warburg-Barcroft  technique,  in  that  it 
provides  for  simpler  procedures,  continuing  analyses  during  an  experiment, 
and  control  of  the  gas  ^ase. 


CHAPTER  II 
APPARATUS 

For  the  experiment 8  performed  dtiring  these  investigations  on  oxida- 
tive metabolism,  two  different  systems  were  employed.  For  simplicity, 
these  will  be  designated  as  the  open  and  the  closed  systems. 

The  open  system  was  so  designed  that  up  to  four  experiments  or  runs 
could  be  made  at  one  time  if  desired.  One  unit  of  this  system  is  shown 
in  cross  section  in  Figure  1.  A  box  painted  black  on  the  inside  was  used 
to  hold  a  250  ml,  beaker  containing  the  bacterial  suspension  .  Three 
holes  in  the  lid  permitted  entrance  of  a  glass  dispersion  tube  for  bub- 
bling air  through  the  suspension,  a  buret  for  the  addition  of  acid,  and 
the  electrodes  of  a  pH  meter.  Light  baffles  were  placed  around  the  en- 
trances for  the  dispersion  tube  and  the  buret.  The  underside  of  the  lid 
and  the  top  of  the  box  were  covered  with  black  velvet  to  prevent  entrance 
of  light. 

A  BecH&ian  pH  meter  was  used  and  was  mounted  on  a  sliding  platform  to 
facilitate  moving  the  electrodes  from  one  box  to  another  in  case  of  multi- 
ple runs.  A  separate  lid  lined  with  black  velvet  was  made  to  cover  the 
"electrode  opening"  during  intervals  when  the  electrodes  were  not  in  posi- 
tion. While  the  electrodes  were  in  position  in  a  suspension,  a  black  fo- 
cussing cloth  was  draped  around  them  to  prevent  any  li^t  from  entering 
the  box. 

At  an  early  point  in  the  experimental  work  it  became  evident  that  it 
would  be  desirable  to  control  the  composition  of  the  air  above  the  medium 
and  to  devise  some  means  of  measuring  the  output  of  carbon  dioxide  from 

1.  See  Appendix  I, 
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A-Sintered  glass  dispersion  tube,  B-electrodes  of  pH  meter,  C-buret, 


the  S78t6m  during  the  metabolism  of  the  substrate  under  investigation. 
To  accomplish  these  objectives  the  closed  system  shown  schematically  in 
Figure  2  was  constructed.  It  was  also  possible  with  this  system,  to  de- 
termine qualitatively  if  any  acetaldehyde  was  produced  during  the  metabo- 
lism  by  bubbling  the  effluent  gases  through  a  solution  of  l/5-saturated 
2,A-dinitrophenylhjdrazine  in  2  N  HCl.  As  little  as  1  ^imol  of  acetalde- 
hyde will  show  a  yellow  precipitate. 

The  sjrstem  was  built  around  a  paraffin-coated  aluminum  cylinder  6  cm. 
in  diameter  and  12  cm.  in  length  (F)  fitted  at  each  end  with  a  rubber  stop- 
per. It  was  in, this  light-proof  vessel  that  the  metabolism  of  Rh.  rub rum 
was  carried  out.  The  electrodes  of  the  p^  meter  (H)  were  inserted  through 
holes  bored  in  the  stopper  at  the  top  of  the  cylinder.  In  this  way  the  pH 
of  the  suspension  could  be  determined  at  all  times.  A  buret  (E)  was  in- 
serted through  the  upper  stopper  to  enable  the  operator  to  control  the  jrfl 
of  the  suspension.  It  was  necessary  to  connect  the  top  of  the  buret  with 
the  trap  (L)  to  equalize  the  pressure  above  and  below  the  acid  in  the  buret, 
A  length  of  glass  tubing  fitted  with  a  short  piece  of  rubber  tubing  (I) 
was  also  inserted  through  the  upper  stopper  to  allow  addition  of  the  sub- 
strate, after  flushing  the  system  with  COg  free-adr,  without  opening  the 
entire  chamber  to  the  atmosphere.  This  addition  was  accomplished  by  fit- 
ting  a  pipette  into  the  rubber  tubing  while  reducing  the  pressure  in  the 
system,  thus  permitting  the  substrate  to  run  down  into  the  chamber.  The 
rubber  tubing  was  clamped  tightly  at  all  other  times.  A  final  hole  bored 
in  the  upper  stopper  was  fitted  with  a  small,  inverted  test  tube  (G).  This 
permitted  the  air  outlet  tube  to  extend  well  above  the  level \of  liquid  in 
the  chamber  to  prevent  spilling  over  into  the  trap. 


Figure  2.  Closed  System. 


The  lower  stopper  was  fitted  with  a  gas  dispersion  tube  (J)  to  bub- 
ble the  input  air  throughout  the  suspension,  flushing  it  thorou^ly  and 
continuously.  In  addition,  this  stopper  was  fitted  with  a  small  drain  (K) 
permitting  withdrawal  of  a  sample  at  any  time,  and  an  air  outlet  tube  (q) 
connecting  the  chamber  with  the  trap.  This  prevented  a  build-up  of  pres- 
sure in  the  cylinder. 

The  air  input  was  channeled  through  a  tube  of  dessicant  (A)  and  then 
through  another  tube  filled  with  Ascarite  (b)  to  remove  the  COg.  "flie  des- 
sicant tube  was  provided  to  prevent  the  absorption  of  water  vapor  by  the 
Ascarite  with  subsequent  caking.  The  air  was  then  "moistened**  again  by 
bubbling  it  through  0.1  N  H2S0j|^  (D).  This  served  to  re  saturate  the  air, 
preventing  a  reduction  in  volume  of  the  suspension  during  the  run.  The 
air  was  then  fed  into  the  chamber  throu^  the  dispersion  tube  (J). 

The  effluent  air  was  passed  through  a  bath  of  concentrated  H2SO1  (N) 
which  removed  most  of  the  water  vapor  from  the  gas.  That  moisture  which 
was  not  removed  was  taken  up  in  anhydrous  CaCL,  (0).  The  resulting  dry 
gas  was  then  passed  through  Ascarite  (P)  to  detei<mine  the  CO.  content. 
Provision  was  made  in  the  design  to  permit  addition  <Jf  a  flask  (M)  con- 
taining  1/5  saturated  2,4  dinitrophenylhydrazine  in  2  N  HCl  to  determine 
qualitatively  the  presence  of  acetaldehyde  in  the  effluent  gas. 

The  dessicant  and  Ascarite  tubes  (0  &  P)  were  ronoved  and  weighed 

before  and  after  the  experiment  to  determine  the  CO^  production  during 

metabolism.  It  was  found  that  the  second  dessicant  tube  showed  no  in- 
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crease  in  weight  indicating  that  all  moisture  had  been  removed  and  that 
the  increase  In  weight  of  the  Ascarite  was  attributable  solely  to  the  COj. 
The  original  design  provided  for  the  buret  to  feed  into  the  chamber 
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throu^  the  lower  stopper.  This  plan  was  modified  to  prevent  diffusion 
between  the  acid  in  the  buret  and  the  suspension.  It  was  also  found  neces- 
sary to  connect  the  pressure  vent  on  the  side  of  the  calomel  electrode  to 
the  trap  with  a  length  of  rubber  tubing.  Without  this  provision  the  ele- 
vated pressure  in  the  chamber  forced  the  suspension  into  the  salt  bridge 
of  the  electrode  resulting  in  erratic  behavior  of  the  pH  meter. 

The  ability  to  maintain  a  constant  and  controllable  gas  phase,  and 
the  relative  ease  of  withdrawal  of  samples  during  a  run,  result  in  a  con- 
siderable advantage  over  the  Warburg-Barcroft  manometric  technique  pre- 
viously used  for  this  type  of  investigation.  The  apparatus  lends  itself 
admirably  to  the  use  of  larger  volumes  of  suspension,  facilitates  supple- 
mental analyses  during  the  run,  and  results  in  a  simpler  experimental  pro- 
cedure. Of  practical  advantage  is  the  relative  ease  of  assembly  and  of 
cleaning. 

A  possible  application  of  the  system,  which  was  not  attempted  in  this 
investigation,  would  be  in  the  field  of  radioisotopes.  If  a  means  of  col- 
lecting a  volatile  isotope  in  a  form  suitable  for  counting,  such  as  a  disc 
of  Ascarite,  were  devised,  the  usefulness  of  the  system  could  be  greatly 
extended.  This  would  permit  the  collection  of  C"^  labeled  COp. 

The  ease  of  addition  of  alkali  or  acid  to  the  bacterial  suspension 
suggests  that  other  investigations,  dependent  on  volumetric  techniques, 
could  be  devised  for  this  apparatus.  The  possibility  of  analysis  of  ef- 
fluent vapors  containing  various  volatile  organic  con^xsunds  is  also  in- 
dicated. This  could  easily  be  accomplished  by  the  use  of  a  combustion 
train  connected  to  the  air  outlet. 


CHAPTER  III 
PYRUVATE  METABOLISM 

Originally  the  studies  of  oxidative  metabolism  of  sodium  pyruvate 
by  Rh,  rubrum  were  undertaken  to  determine  whether  organic  by-products 
were  formed  In  the  presence  of  methylene  blue.  However,  results  of  ex- 
periments performed  durdng  the  same  period  by  Clayton  (verbal  communica- 
tion) indicated  that  no  by-products  were  formed  and  that  the  sodium  pyru- 
vate was  utilized  conqjletely  by  the  bacteria.  The  latter  was  also  indi- 
cated by  the  experiments  described  below. 

Two  similar  procedures  were  used  throughout  these  studies  on  oxida- 
tive metabolism.  Air  was  bubbled  through  a  suspension  of  bacteria  which 
was  placed  in  a  light-tight  box  (open  system)  or  an  aluminum  cylinder 
(closed  e^rstem).  The  metabolism  was  studied  by  following  the  production 
of  alkali  by  the  bacteria;  during  the  metabolism  reactions  occur  which  are 
generalized  below,  with  the  final  organic  product  being  assimilated  or  oxi- 
dized: 

R-COONa  +  HgO   — >-  NaOH  -t  R-COOH 

The  suspension  was  kept  between  a  pH  of  6.8  and  7.3.  One  tenth  nor- 
mal H2SO,  was  added  in  sufficient  quantities  to  bring  the  frfl  slightly  be- 
low 7.0,  The  time  and  the  amount  of  acid  added  were  recorded  when  the  pH 
of  the  sus33en8ion  again  reached  a  value  of  7.0.  At  various  intervals  co- 
incident with  a  pH  reading,  samples  of  the  suspension  were  withdrawn  for  a 
pyruvate  assay^.  Results  of  the  pyruvate  assays  and  the  amounts  of  alkali 
produced  were  plotted  against  the  elapsed  time  from  the  beginning  of  a  run. 

1.  See  Appendix  I. 

2,  See  Appendix  II, 
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Figure  3  is  an  example  of  a  typical  study  in  which  two  runs  were 
made  simultaneously  using  the  open  system,  with  bacteria  from  the  same 
culture.  As  can  be  seen  frcan  the  figure,  a  change  in  the  rate  of  metabo- 
lism was  obtained  v^en  the  suspension  was  poisoned  with  2  cc,  of  1^  methy- 
lene blue.  However,  the  alkali  production  followed  the  utilization  of 
sodium  pyruvate  in  both  cases,  indicating  that  no  other  organic  sodium 
salt  was  formed  during  the  metabolism.  Also,  almost  complete  utilization 
of  ^e  substrate  occurred  since  500  ^ols  of  sodium  Rrruvate  were  intro- 
duced in  each  case, 

A  possible  explanatioi  for  the  suppression  of  metabolic  rate  in  the 
presence  of  methylene  blue  was  considered  to  be  the  production  of  HgOg. 
If  the  bacteria  did  not  have  the  enzyme,  catalase,  which  decomposes  H2O2 
in  many  cells,  the  H2P2  formed  from  the  methylene  blue  could  be  toxic  to 
the  bacteria,  and  thus  decrease  the  rate  of  metabolism.  However,  a  mass 
of  centrifuged  bacteria  were  tested  with  H2O2  and  the  presence  of  catalase 
in  the  bacteria  confirmed.  Another  possibility  is  that  the  production  of 
HpOj  is  too  rapid  for  enzymatic  actions  to  neutralize  its  effect.  This 
could  be  investigated  by  adding  catalase  to  the  suspensions;  this  was  not 
undertaken  in  the  present  studies. 

Two  runs  were  made  using  the  closed  system  for  the  purpose  of  deter- 
mining the  amount  of  CO^g  produced  during  the  metabolism.  The  procedure 
followed  was  essentially  the  same  as  that  used  in  the  open  system  and  re- 
sults were  plotted  in  a  similar  fashion.  However,  all  runs  utilizing  the 
closed  system  were  plotted  on   a  basis  of  ^uunol/lOO  ml.  suspension  to  keep 
the  scale  the  same  as  those  for  the  open  systaai.  Increase  in  the  wei^t 
of  the  Ascarite  tubes  was  57  mg,  in  one  run  and  55  mg,  in  the  other.  Since 
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Figure  3.  Pyruvate  Metabolism,  Open  System. 
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750  ^ols  of  sodium  pyruvate  were  used  in  each  case,  this  would  indicate 
that  slightly  less  than  half  of  the  carbon  in  the  substrate  was  assimi- 
lated and  the  balance  oxidized  to  CO^y  as  shown  below: 

Carbon  added  =  750  umols  x  22m.  x  3  C atoms*  27000  iig^  or  27  mg 

^ol 

CaAon  oxidized  to  COg  =  55  mg  x  ~  =15  m£^ 
Jg  C  oocidized--*    xl00=55.65i 

Results  of  one  of  these  runs  are  shown  in  Figure  4. 

In  both  runs  with  the  closed  system  the  alkali  production  did  not 
follow  the  disappearance  of  the  sodium  pyruvate  to  completion.     At  the 
presmt  time,  this  discrepancy  cannot  be  accoiinted  for  since  all  other 
evidence,  including  work  done  by  Clayton  using  the  Warburg  technique, 
shows  that  the  sodium  pyruvate  is  con^letely  assimilated  or  oxidized  to 
CCt)  and  H2O.     It  is  thought  that  nitrogen  metabolism  mi^t  be  responsible 
in  some  manner  for  some  acid  production,  but  investigations  along  this 
line  were  not  pursued. 

In  summary,  the  studies  on  oxidative  metabolism  of  Rh.  rub  rum  using 
sodiiua  pyruvate  as  a  substrate  furnished  the  following  information: 
(1)  Addition  of  methylene  blue  suppresses  the  rate  of  metabolism;  (2)  The 
p6isoning  with  methylene  blue  does  not  lead  to  the  accumulation  of  aiiy 
organic  en4-produots  arising  from  sodium  pyruvate;  (3)  Catalase  is  present 
in  Rh.  rubrum,  but  may  not  be  present  in  sufficient  quantities  to  neutra- 
lize the  toxic  effects  of  HpOi^  produced  by  the  methylene  blue;  (4)  Produc- 
tion of  CO2  during  the  metabolism  of  sodium  pyiorvate  indicates  that  ap- 
proximately half  of  the  carbon  in  the  substrate  is  assimilated  by  the  cell 
and  half  is  oxidized. 
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CHAPTER  IV 
PROPIONATE  METABOLISM 

Little  is  known  of  the  processes  involved  in  the  metabolism  of  pro- 
pionate. If  the  theory  of  Eisenberg  [3]  is  correct  In  that  terminal  oxi- 
dations are  by  means  of  the  Krebs  cycle,  some  mechanism  must  be  involved 
for  introducing  propionate  into  the  cycle.  ' 

Two  reasonable  hypotheses  cam  be  proposed  to  explain  this  reaction. 

On  the  one  hand,  propionic  acid  could  enter  the  Krebs  cjrcle  by  dehydro- 

genation,  hydration  and  oxidation  to  pyruvic  acid  as  shown  schematically: 

CH«  CHo  CH<3  CH^ 
[  ^  II  ^  I  ^  I  ^ 
CHo  ^  CH   ►  CHQH  — "   C=0 

'         '         I         1 
COOH     COOK      COOK      COOH 

Alternatively,  propionic  acid  could  be  carboxylated  directly  to  yield  suc- 

I 
cinic  acid: 

CH,  COOH 

I  ^  I 

CH«   +   C0«  ►  CHp 

,2        2      ,2 

COOH  CH- 

I  ^ 

COOH 

Since  it  had  already  been  shown  by  van  Niel  ^10]  that  metabolism  of  ace- 
tate In  the  dark  by  purple  bacteria  requires  the  presence  of  COp,  it  was 
decided  to  explore  the  second  possibility  and  determine  whether  COp  was 
required  for  the  oxidative  metabolism  of  sodium  propionate. 

The  procedures  used  in  making  the  studies  with  sodium  propionate  as 
a  substrate  were  similar  to  those  utilizing  sodium  pyruvate,  with  small 
variations.  At  times  the  substrate  was  added  at  the  beginning  of  the  run; 
in  others  the  substrate  was  added  only  after  the  suspension  had  been 
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thoroughly  flushed  with  C02-free  air.     In  several  of  the  experiments,  C0|2 
was  added  during  the  run  either  in  the  form  of  sodium  bicarbonate  or  by 
using  air  mixed  with  COp.     Air  containing  known  percentages  of  CO2  was 
prepared  In  a  mixing  bottle.     As  in  the  studies  with  sodium  pyruvate,  the 
utilizaticai  of  the  substrate  was  followed  by  observing  the  liberation  of 
alkali.     No  samples  of  the  bacterial  suspension  were  withdrawn  during  the 
runs,  as  a  suitable  test  for  propionate  had  not  been  devised. 

To  determine  how  much  of  the  aO-kali  was  formed  from  metabolism  and 
how  much  was  introduced  as  added  sodiuxftTsicarbonate,  a  correction  factor 
was  determined  by  Clayton.     This  was  accomplished  by  using  a  solution  of 
the  same  concentration  as  the  suspension  but  without  the  bacteria.     Fifty 
/imol  of  sodium  bicarbonate  were  added  to  100  ml.  of  solution  and  a  con- 
stant jrfl  of  7.0  was  maintained  with  0.1  N  H2SO1  ,     Correcticxi  factors  in 
^imols  of  alkali  produced  per  100  ml,  of  suspension  were  plotted  for  runs 
using  normal  air  and  CO^-free  air,  as  shown  in  Figure  5. 
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Figure  5.     Correction  factors  for  adding  NaHCOo  (50  piol  in  100  ml). 
One  of  the  first  experiments  utilized  the  closed  system  to  permit 
on!ly  C0J2-free  air  to  pass  through  the  bacterial  suspension.     For  a  period 
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of  about  two  hours,  no  alkali  was  produced  except  that  which  could  be  ac- 
counted for  by  endogenous  metabolism.  After  this  time,  75  |imol8  of  NaHCO^ 
were  added  and  the  run  continued  for  about  three  hours.  Results  of  this 
run  are  shown  in  Figure  6(a)}  crosses  indicate  experimental  points  cor- 
rected as  outlined  in  the  foregoing  paragraph. 

Several  runs  similar  to  the  one  described  indicated  that  some  COg 
was  necessary  for  the  oxidative  assimilation  of  sodium  propionate.  How- 
ever, in  others  utilizing  the  open  system  and  either  normal  air  or  CO2- 
free  air,  the  rate  of  metabolism  was  nearly  maximal  at  the  beginning  of 
the  run,  as  can  be  seen  in  Figures  6(c)  and  (d).  In  one  run  using  CO2- 
free  air  in  the  open  system,  the  metabolic  rate  increased  after  abc«t  an 
hour  fr<MB  the  time  the  substrate  was  added  without  the  addition  of  any 
COu  [.Figure  7(a)],  Frcan  the  observations  made,  it  could  be  assumed  that 
only  trace  amounts  of  COp  are  necessary  for  the  metabolism  of  propionate. 
In  the  case  *rtiere  the  rate  eventually  increased  without  addition  of  any 
CO.,  it  is  possible  that  endogenous  metabolism  might  be  providing  the 
necessary  CO  ,  Rates  of  air  flow  through  the  suspension  might  also  be  a 
factor  in  the  accumulation  of  CO2,  as  this  flow  was  not  rigidly  controlled. 
In  any  event,  the  addition  of  COg  always  produced  an  increase  in  rate, 
when  this  was  not  maximal  beforehand. 

During  several  experiments,  however,  after  metabolism  had  reached  a 
constant  rate  with  air  containing  some  COp,  air  free  from  CO^  was  used  for 
tjie  remainder  of  the  run  or  the  concentration  of  CO^  in  the  air  was  changed 
[Figures  7(b)  and  6(b)  and  (d)}.  In  these  latter  cases,  no  change  in  the 
rate  of  metabolism  was  detected  after  the  maximum  rate  was  once  established. 
Therefore,  it  seems  quite  definite  that  the  reactions  are  self-sustaining 
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Figure  7.  EXai^les  of  Propionate  Metabolism 

after  initial  activation.  This  could  logically  be  explained  by  the  C(>2 
pr6ducticsi  from  oxidations  in  the  Krebs  cycle,  which  could  maintain  the 
reactions  once  started. 

Althou^  several  runs  were  not  carried  throu^  to  completion,  it  can 
be  seen  fr(»a  those  that  were,  that  alkali  production  was  not  in  all  cases 
equivalent  to  the  total  ambuioit  of  substrate  furnished.  This  was  similar 
to  the  results  obtained  in  the  two  experiments  using  sodium  pyruvate  in 
the  closed  system.  As  before,  no  explanation  can  be  offered  for  this  be- 
havior. 

Conclusions  which  were  reached  during  the  investigations  on  propionate 
metabolism  by  Rh,  rubrum  were:  (1)  CO  is  necessary  for  oxidative  assimila- 
tion of  sodixim  propionate  in  the  dark,  although  In  very  small  quantities; 
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(2)  Metabolic  processes  involving  CO^  are  self-sustaining,   once  started; 

(3)  Probable  method  of  metabolism  is  by  direct  carboaylation  of  propionate 
to  succinate,  with  sustaining  action  due  to  oxidations  producing  C0_  within 
the  Krebs  cycle. 
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APPENDIX  I 
CULTURE  AND  PREPARATION  OF  THE  BACTERIA 

Rh.  rubrum  (strain  S-1,  VAN  NIEL)  was  grown  anaerobicaHy  (in  125  ml. 
cotton-stoppered  florence  flasks)  in  a  light  cabinet  at  30-35°C.  A  liquid 
medium  of  1.1^  yeast  extract,  0.05^  MgCl2,  0.02^  CaCl2,  0.1^  (NH,  )2S0,  , 
0.07^  (Na2H/KH2)P0  -(pH  7),  105^  tap  water  and  88.7^  distilled  water  was 
used  for  this  cultivation.  When  the  cultures  were  approximately  four  days 
old  they  were  centrifuged  and  the  bacteria  re suspended  in  the  following 
medium:  0.01^  CaCl  ,  0.04^  MgCl^,  O.W  (NH  J^SO  ,  0.025^  NaHCO-,  0.03^ 
(Na  H/KH  )P0  -(pH  7),  0.09/^  substrate,  and  the  balance,  distilled  water. 
The  substrate  was  either  sodium  pyruvate  or  sodium  propionate,  depending 
on  the  study  under  investigation. 

After  adaptation  for  about  24  hours,  the  bacteria  were  centrifuged 
and  washed  i^th  100  ml,  of  ,003M  NaHCO  -*-  .0005M  phosphate  buffer  (pH  7). 
The  turbidity  of  this  suspension  was  measured  by  using  a  p*iotoelectric  cell 
with  a  red  filter  as  described  by  PetrieQS].  Following  a  second  centri- 
fuging,  the  bacteria  were  suspended  in  the  proper  volume  of  ,0005M  phos- 
I*iate  buffer  to  obtain  the  desired  turbidity  (usually  2,0  ml.  of  cells/ 
100  ml.  suspension).  Diiring  the  runs  with  sodium  propionate,  .OOIM  buffer- 
ing was  used  both  for  the  washing  and  the  final  suspension  in  order  to 
minimize  changes  in  pH  following  the  addition  of  CO^. 

One  hundred  ml.  of  this  final  suspension  was  used  for  a  run  using 
the  open  system  and  150  ml,  for  the  closed  system.  Substrate  was  added  in 
each  case  to  give  a  concentration  of  .005M.  This  was  added  either  at  the 
beginning  of  a  run  or  shortly  thereafter. 
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APPENDIX  11 
PYRUVATE  A3SAI 

The  p3rruvate  concentration  in  the  bacterial  suspension  was  determined 
by  the  method  of  Friedeman  and  Haugen  t4],  vdth  a  modification  as  suggested 
by  M,  Doudoroff  (verbal  communication).  This  method  is  based  on  the  reac- 
tion of  sodium  pyruvate  with  2,4-dinitrophenylhydrazine,  yielding  a  red- 
brown  coloration  in  a  solution  made  strongly  alkaline  with  NaOH,  While 
the  reaction  is  not  specific  for  pyruvic  acid,  it  is  specific  for  keto 
acids  as  a  group.  This  was  sufficient  for  purposes  of  this  investigation 
due  to  the  absence  of  other  keto  acids  in  a  concentration  that  wculd  in- 
terfere. The  modification  greatly  simplified  the  procedure  as  it  elimi- 
nated the  extractions  with  organic  solvent  and  Na2C0o  solution.  The  ab- 
sence of  interfering  substances  made  this  modification  possible.  The  re- 
agent used  was  1/5  saturated  2,4-dinitrophenylhydrazine  in  2N  HCl,  A  satu- 
rated solution  was  first  prepared  by  grinding  100  mg,  of  2,4-dinitrophenyl- 
hydrazine in  a  mortar  with  increasing  amounts  of  2N  HCl  until  100  cc.  of 
the  acid  had  been  added.  The  resultant  suspension  was  filtered,  diluted 
to  500  cc.  with  2N  HCl,  and  stored  in  a  cold  place  until  needed. 

One  tenth  ml,  of  the  bacterial  suspension  was  added  to  one  ml,  of 
hydrazine  reagent  and  0.9  ml.  distilled  water  in  a  regular  size  Klett  test 
tube.  After  thorough  mixing,  the  mixture  was  allowed  to  stand  for  five 
minutes.  Then  three  ml,  of  distilled  water  and  one  ml,  of  3N  NaOH  were 
added  and  thoroughly  mixed  with  the  suspension.  The  resulting  solution 
stood  for  30  minutes  to  permit  full  development  of  the  characteristic  color. 
The  color  was  measured  against  a  blank  prepared  by  treating  0.1  ml,  of  the 
Krruvate-free  suspension  as  above.  In  this  experiment  a  Klett-Sunmerson 

23 


photoelectric  colorimeter  with  a  green  filter  was  used  for  the  determina- 
tion. The  concentration  of  pyruvate  was  determined  by  comparison  with  a 
standard  prepared  by  adding  0,1  ml,  of  0,005N  sodium  pynavate  and  0.1  ml, 
of  pyruvate-free  suspension  to  one  ml,  of  the  hydrazine  reagent  and  0,8  ml. 
distilled  water  and  then  treating  as  above. 

Because  of  slow  fading  of  both  blank  and  sample,  each  determination 
was  accompanied  by  a  blank  prepared  simultaneously,  Tvro  cc,  of  the  bac- 
terial suspension  was  withdrawn  before  the  substrate  was  added,  A  blank 
was  drawn  from  this  to  accompany  each  determination  made  throughout  the 
run. 

The  Klett-Summerson  photoelectric  colorimeter  is  so  designed  that 
the  scale  reading  is  directly  proportional  to  the  concentration  of  the  sub- 
stance being  determined.  The  scale  reading  is  a  measure  of  the  optical 
density  of  the  colored  solution  as  determined  by  a  photoelectric  cell.  As 
the  optical  density  is  theoretically  proportional  to  the  concentration  of 
colored  substance  ,  the  scale  readings  are  also  proportional  to  the  con- 
centration. The  relationship  is  linear  in  the  range  of  0-500  scale  units. 
Above  this  maximum,  the  concentration  of  the  colored  substance  is  such  that 
the  optical  density  is  no  longer  directly  proportional  to  the  concentration. 
The  standard  used  gave  a  reading  of  apprcacimately  500  units,  while  the  sam- 
ples during  the  runs  gave  lower  readings.  This  is  within  the  range  of 
linearity  for  the  method. 

As  the  standard  used  was  equivalent  to  500^j«mol  of  sodium  pyruvate  in 
the  original  suspension^  the  amount  of  substrate  in  any  sample  oeuld  be  cal- 


culated as  I 
1 


UBol  B^«t.  .  reading  x  500  (sa-ple) 

reading     (standard) 


1.  Beer»s  law,  ^ 
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